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Introduction

Pauls and Zank [this issue] (hereafter PZ) have ex-
pressed several concerns about the two-dimensional fluid-
hydrodynamic model of the heliosphere used in our re-
cent Journal of Geophysical Research paper on the hy-
drodynamic instability of the heliopause  [Liewer  et al.,
1996a] (hereafter Paper 1) and in our Solar Wind 8 pa-
per on the effects of neutrals on the global heliosphere
[Liewer et al., 1996b]  (hereafter Paper 2). Evidently
PZ have confirmed the major result of Paper 1, namely
that the heliopause  is hydrodynamically unstable due to
plasma-neutral charge exchange interactions. However,
they raise questions about some of our other results and
conclusions. Below, we address their concerns in the or-
der presented in PZ.

1. Equation of State

PZ infer that we have ignored the electron tempera-
ture in our hydrodynamic model and included only the
proton contribution to the plasma pressure. This in-
correct conclusion is, unfortunate y, our fault for not
specifying the relationship between plasma pressure P
and proton temperature TpTOton in either Paper 1 or
2. We use the standard [e.g., HoJzer, 1972] relationship
P = nkbT  where n is the plasma density and where
T = TprOtOn + T,l,ct,On, that is, the pressure P is the
total plasma (proton plus electron) pressure. When we
need the proton temperature separately to compute the
charge exchange terms, we use Tp~OtO~ = T/2, that is,
we assume the protons and electrons have equal temper-
atures. As stated in Paper 1 and 2, we solve an energy
equation where e = P/ (~ – 1) + O .5nmPv2,  where P is
defined above and mp is the proton mass.

A notational error on our part increased the confu-
sion about our equation of state and led PZ to conclude
incorrectly that we neglected the electron temperature.
In the description of our model in section 2.1 of Paper 1,
we use the symbol Tp to denote the proton temperature
(as stated in the text) in the definition of u*. Unfor-
tunately, in section 2.2 we use the same symbol Tp to
denote the pJasma  (proton plus electron) temperature
in the definition of the total pressure along the sym-
metry axis. In section 3, in giving the parameters for
the simulations, Tp is the total plasma temperature as
indicated.

2. Absence of Hydrogen Wall in Subsonic LISM

PZ are correct that we assumed equal plasma and
neutral temperatures in our cases with subsonic inter-
stellar flow. The higher temperature models the ef-
fect of an interstellar magnetic field which causes the



VLISM flow speed to be submagnetosonic  and elimi-
nates the heliospheric  bow shock. We were only inter-
ested in the qualitative effect of the lack of a bow shock
on the neutral-plasma interaction, particularly with re-
gard to the observed increase in the VLISM plasma ram
pressure caused by the charge exchange collisions with
the interstellar neutrals in the region just upstream of
the nose of heliopause  discussed in section 3 below, We
agree that the neutral temperature we used here is un-
physical and, thus, the neutral density profile in the
subsonic case in Paper 2 may well also be unphysical
as suggested in PZ. We plan to repeat these calcula-
tions with an MHD code in the near future so that the
magnet ic field can be properly included.

3. Size of the Heliosphere

We disagree with the comment and conclusions in PZ
that the decrease in the solar wind velocity in the inner
heliosphere  is the sole cause of the decreased size of the
heliosphere when neutral-plasma charge exchange in-
teractions are included. We stand by our conclusion in
Paper 2, namely, that the charge exchange collisions be-
tween the plasma and neutrals beyond the termination
shock and heliopause  are also important in decreasing
the size of the heliosphere.  In the region just upstream
of the helipause  nose, there is a relatively large differ-
ence in the neutral and plasma velocities due to the
slowing of the VLISM plasma by the bow shock and the
diversion of the flow around the heliopause  nose. The
drag on the VLISM plasma by the neutrals increases
the VLISM plasma ram pressure here and contributes
to decreasing the size of the heliosphere.

To illustrate this point, Figure 1 plots the plasma
density, plasma velocity and normalized plasma z mo-
mentum flux n(kbT/mp  + v:) on the upstream axis –
the line from the Sun through the nose of the helio-
sphere. This is the same case as plotted in Figure 1
of Paper 2, but now with the z momentum flux also
shown. When the flow is purely in the x direction, the
z momentum is equivalent to the total (thermal plus
ram) plasma pressure. The solid curve is the case with
neutrals; the dotted line shows the reference run with
no neutrals. The locations of the termination shock, he-
liopause,  and bow shock for both cases can be identified
with the three jumps in the density curves.

For the case with no neutrals, the z momentum flux
is essentially a constant value P~~}8. (co) (total VLISM
plasma pressure) from the inflow boundary beyond 600
AU to the termination shock location (Figure 1). Note,
however, that for the case with neutrals, the z momen-
tum flux rises significantly (by about 60%) between the
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bow shock and the heliopause.  These results can be
understood by considering the steady state plasma mo-
mentum flux equation:

where the term on the right-hand size is the body force
on the plasma due to the plasma-neutral charge ex-
change interaction. Here nN is the neutral density, OCC
is the velocity-dependent charge-exchange cross section
and u* is an effective velocity defined in Papers 1 and 2
and in the work of Baranov  et al. [1991]. For the case
with no neutrals, the neutral-ion drag force is zero, and,
by (1), the momentum flux along a stream line of the
flow is constant. Beyond the heliopause, the x axis is
a stream line of the VLISM flow and the z momentum
flux is observed to be constant. For the case with neu-
trals, there is a large body force (the neutral-ion charge-
exchange drag) directed towards the Sun because of the
difference between the plasma and neutral velocities in
this region. This drag force causes the observed increase
in the VLISM plasma momentum flux (or equivalently
the total ram pressure) between the bow shock and the
helipause  seen in Figure 1 and is responsible for a large
part of the observed decrease in the size of the helio-
sphere.

For the run in Figure 1, the parameters for the in-
terstellar plasma are n = 0.07 cm–3, v = 25 km/s and
Tpta,~a = 104 K, where Tplas~O is the total plasma pres-
sure; the parameters for the solar wind plasma at Earth
are nE = 7 cm –3, Vaw = 450 km/s, and Tplaama  =
1.5 x 105 K. Note that when there is no neutral-ion drag
force, the total pressure P~f}8m is constant from the in-
flow boundary to the termination shock and the location
of the termination shock on the upstream axis can be
found by balancing the solar wind ram pressure at the
shock mnnv~  with the upstream interstellar total pres-
sure Pj#8~~m) = n(kbTpla.~a  + mpv~) (= mp5 x 1 0 ’1

in cgs units). Approximating n(r) = nE/R2, where nE
is the density at Earth and R is in astronomical units
(AU), this condition becomes

mP??Ev82u
R2 =  P;fi;m(oo). (2)

When no neutral-plasma interactions are included, the
solar wind velocity Vs,,, is independent of R and we can
solve (2) for the expected distance to the termination
shock R,, obtaining R = /“n mp V82W ‘wi’ism = 170 AU
in excellent agreement with our simulation results with
no neutrals (Paper 2).

When neutrals are included, from Figure 1 it can
be seen that the solar wind velocity decreases approxi-
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mately linearly inside the termination shock, V.w (R) %
470.0 – 0.76R km/s, where R is in AU. When neutrals
are present, (2) cannot be used to calculate the distance
to the shock because the body force invalidates the as-
sumption of constant total pressure (momentum flux)
beyond the termination shock. However, PZ have sug-
gested that our observed distance to the termination
shock is in agreement with that computed from (2) if
the radial dependence of V,w is considered. Proceed-
ing as suggested in PZ, we solve (2) for R8 using the
above expression for Vsw (R) and P~#8m (00). This gives
R. = 135 AU which does not agree with the values
observed in the simulation of R8 = 115 AU, contrary
to the suggestion in PZ. This is because the increase in
the VLISM ram pressure caused by the neutral-ion drag
outside the termination shock is also a significant effect
in reducing the size of the heliosphere.  It may also be
that the 1 l% discrepancy in the observed and calcu-
lated values in PZ is due to their neglect of the effect
of the neutral ion interaction beyond the termination
shock.

Thus we conclude that neutral-ion dragon the plasma
beyond the termination shock is an important contribu-
tor to the decrease in the size of the heliosphere  in these
calculations. The distance to the termination shock de-
creased by 32% of which only 14% can be explained by
the decreased in solar wind velocity inside the termina-
tion shock (Paper 2); the remainder of the decrease is
due to the neutral-plasma charge exchange interactions
beyond the termination shock and especially beyond the
heliopause.

Moreover, we suspect that charge exchange interac-
tions beyond the termination shock are also the domi-
nant cause in the decrease in size observed in the work
of Baranov and Malama  [1993]. Baranov and Mahrna
[1993] state that on the upstream axis, the solar wind
velocity decreases by 1970 from 450 km/s at Earth to
approximately 365 km/s at the termination shock at
R N 110 AU. A 19% reduction in the velocity would8-
cause only a 19% reduction in the dist ante to the shock
if there were no change in Pjf~8m. However, from Figure
2 of Baranov  and Malama  [1993] or Figure 3 of Baranov
and Zaitsev  [1995] the shock location with no neutrals
was about 170 AU (in agreement with our calculation
for the same parameters) and thus the distance to the
shock has been reduced by about 35Y0. Thus we suspect
that the plasma-neutral charge exchange interactions in
the region beyond the termination shock and heliopause
also contributed significantly to the observed decrease
in the size of the heliosphere in the kinetic ion compu-
tations of Baranov and Malama.
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4. Effect of Hot Neutrals

We agree that the neglect of energetic neutrals is a
limitation (as stated in Paper 1) and inclusion of this
effect will act to weaken the hydrodynamic instability
(also stated in Paper l). However, PZhave apparently
also seen the instability in a more sophisticated model
which included energetic neutrals [Zardr et. al. 1996a,
b], thus confirming our primary result. PZ note that the
instability is considerably weaker (amplitude of 3 AU),
but it is difficult to compare this to our results because
no information on grid resolution was given and, in Pa-
per 1 the instability was shown to be very sensitive to
grid spacing.

Concluding Remarks

We are pleased that PZ have confirmed our primary
result that the heliopause  is hydrodynamic unstable
with the interaction between the plasma and the in-
terstellar neutrals is included.

Most of the comments in PZ seem to stem from the
misunderstanding of the equation of state used in our
model, that is, the fact the the plasma pressure is the
total (ion plus electron) pressure. The proton temper-
ature, needed to compute the charge exchange cross
section was computed from this assuming equal elec-
tron and ion temperatures. This was not adequately
explained in either Paper 1 or 2 and we apologize for
this misunderstanding.

We stand by our conclusion that the interaction of
interstellar neutrals beyond the termination shock, and
particularly in the region just upstream of the he-
liopause  nose, is also important in determining the
size of the heliosphere. Just beyond the nose, the
charge exchange interactions between VLISM neutrals
and plasma causes an increase in the total VLISM
plasma pressure which decreases the size of the helio-
sphere. This is an additional physical effect that was
not noted by previous authors although we suspect it is
also important for them.
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Figure 1. Simulation results for a case with (solid
curve) and without (dashed line) neutrals illustrating
the reduction in the size of the heliosphere  due to
plasma-neutral interactions. Profiles are along a line
from the Sun through the nose of the heliosphere,  show-
ing (top) density (top), (middle) velocity, and (bottom)
normalized z momentum flux. Note the increase in the
momentum flux of the interstellar plasma as the flow
approaches the nose of the heliopause.
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Figure 1. Simulation results for a case with (solid curve) and without (dashed
line) neutrals illustrating the reduction in the size of the heliosphere  due to
plasma-neutral interactions. Profiles are along a line from the Sun through
the nose of the heliosphere, showing (top) density (top), (middle) velocity, and
(bottom) normalized z momentum flux. Note the increase in the momentum
flux of the interstellar plasma as the flow approaches the nose of the heliopause.
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